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Aquaporins (AQPs) are a well-conserved family of small (approximately 30 kDa) membrane
channel proteins that facilitate rapid movement of ﬂuids and have a unique tissue-speciﬁc
pattern of expression. These proteins have been found in the female reproductive systems
of humans, rats, and mice. However, the expression and cellular localization of AQPs have
not extensively been studied in the female reproductive system of sheep. Therefore, this
study aimed to evaluate, by real-time polymerase chain reaction and immunohistochem-
istry respectively, the levels of messenger RNA and the immunolocalization of AQP3, AQP7,
and AQP9 in large isolated ovine secondary follicles over a period of IVC. Our analysis
revealed that AQP3 and AQP9 were present predominately in follicles that exhibited antrum
formation, suggesting a crucial role of these AQPs in the formation of the antrum. Inter-
estingly, AQP7 was only expressed in follicles that had not formed an antrum by Day 12 of
culture. In conclusion, the presence of protein channels (AQP3 and AQP9) seems to be
essential for the formation of the antrum in isolated ovine secondary follicles cultured
in vitro and thus plays an important role during folliculogenesis in this species.
 2015 Elsevier Inc. All rights reserved.1. Introduction
Aquaporins (AQPs) are a well-conserved family of small
(approximately 30 kDa) membrane channel proteins that
facilitate rapid movement of ﬂuids [1]. A number of studies
in ovaries have conﬁrmed the presence of AQP1, AQP2,
AQP3, AQP4, AQP7, AQP8, and AQP9 in the human [2], ratx: þ55 8531019840.
(A.P.R. Rodrigues).
. All rights reserved.
5[3], mouse [4], and sheep granulosa cells from different
follicular categories [5]. Furthermore, there is evidence that
steroid hormones produced by follicles regulate the
expression of ovarian AQPs [6]. There is increasing evidence
that AQPs play an important role during folliculogenesis,
contributing to follicular development by facilitating the
transport of water into the interior of the follicle. It has
been reported in rat granulosa cells that the inﬂux of water
during the formation of the antral cavity does not occur
exclusively by intercellular transport, but instead, pre-
dominantly by transcellular transport, aided by the action
of these AQPs [3].
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cultured in vitro by using an alginate hydrogel showed a
correlation between the expression of AQP7, AQP8, and
AQP9 and steroid production in healthy follicles [4].
Expression of AQP3 has been reported in mature mouse
oocytes [7], and an increased expression of this protein
during in vitro follicular development promoted cyto-
plasmic maturation, making them competent [8].
Various IVC systems have been developed to maintain
viability and promote growth of preantral follicles (PFs), to
obtain mature oocytes for in vitro embryo production [9]. In
sheep, studies have revealed that isolated secondary folli-
cles develop antral cavities from Day 6 of culture, regard-
less of the composition of the culture medium [10]. Thus,
we believe that not only hormones such as FSH and growth
factors such as leukemia inhibitory factor (LIF) and kit
ligand (KL) but also AQPs may be directly involved in the
development of the antrum during folliculogenesis in
sheep. Recently, we have observed the presence of AQP3
messenger RNA (mRNA) in antral follicles and a progressive
expression of this protein in sheep ovarian follicles at
different stages of development (primordial, primary, sec-
ondary, and antral), and therefore, this provides a good
starting point to ﬁnd the correlation between protein
channels and antrum formation in this species [5].
To contribute to a more comprehensive understanding
of the role of AQPs during follicular development, the
present study was conducted to evaluate the expression of
genes encoding AQP3, AQP7, and AQP9, and the immuno-
localization of their respective proteins in isolated ovine
secondary follicles cultured in vitro for 6 and 12 days.
2. Materials and methods
2.1. Chemicals
Unless mentioned otherwise, culture media and other
chemicals used in the present study were purchased from
Sigma Chemical Co. (St. Louis, USA).
2.2. Source of ovaries
Ovaries (n ¼ 60) were collected at a local slaughter-
house from 30 adult crossbreed ewes, making a total of six
experimental repeats (ﬁve ewes/repeat). Immediately
postmortem, the ovaries were washed in 70% ethanol fol-
lowed by two rinses with minimum essential medium
(MEM) containing HEPES and antibiotics (100 mg/mL
penicillin and 100 mg/mL streptomycin). The ovaries were
transported to the laboratory within 1 hour in MEM at 4 C.
2.3. Isolation of secondary follicles and IVC conditions
In the laboratory, the surrounding fat tissue and liga-
ments were stripped from the ovaries. Ovarian cortical
slices (1–2 mm in diameter) were cut from the ovarian
surface using a surgical blade under sterile conditions.
Then, the ovarian cortex was placed in a fragmentation
medium, consisting of MEM supplementedwith HEPES and
antibiotics (100 mg/mL penicillin and 100 mg/mL strepto-
mycin). Preantral follicles that were approximately at least200 mm in diameter were visualized under a stereomicro-
scope (SMZ645; Nikon, Tokyo, Japan) and manually
dissected from the strips of ovarian cortex using 26-ga
needles. After isolation, follicles were transferred to
100-mL drops of fresh medium under mineral oil for further
evaluation of follicular quality. Follicles with a visible
oocyte surrounded by granulosa cells, an intact basement
membrane, and no antral cavity were selected for culture
(secondary follicles).
After selection, the secondary follicles were individually
cultured in 100-mL drops of culture medium in Petri dishes
(60  15 mm; Corning, USA) under mineral oil for 6 or
12 days, at 39 C and 5% CO2 in air. The basic culture me-
dium (control) consisted of a-MEM (pH 7.2–7.4) supple-
mented with 3 mg/mL BSA, ITS (insulin, 10 mg/mL;
transferrin, 5.5 mg/mL; and selenium, 5 ng/mL), 2-mM
glutamine, 2-mM hypoxanthine, 50 mg/mL of ascorbic
acid, 50 ng/mL of LIF, and 50 ng/mL of KL, as described
previously [11]. Fresh medium was prepared immediately
before use and was incubated at 39 C for at least 2 hours
before use. Every 6 days, 60 mL of each drop was replaced
with the fresh medium [10]. The culture was replicated six
times, and a mean of 50 follicles were used for each
follicular category established after the period of IVC (6 and
12 days), i.e., no antrum, antral, and extrused follicles.
Analysis of the RNA and protein expression of AQP3, AQP7,
and AQP9 was carried out using live follicles from these
three categories, after 6 and 12 days of culture.
2.4. Morphologic evaluation of follicle development
Follicles were classiﬁed according to their morphology,
and only those showing an absence of morphologic signs of
degeneration (such as darkness of the oocytes and sur-
rounding cumulus cells, or misshapen oocytes) were clas-
siﬁed as surviving follicles. Every 6 days (Days 0, 6, and 12),
in addition to those mentioned above, the following char-
acteristics were analyzed only in surviving follicles: (1)
antral cavity formation, deﬁned as a visible translucent
cavity within the granulosa cell layers and (2) the follicular
diameter, measured as the mean of two perpendicular
measures of each follicle using an ocular micrometer
(magniﬁcation:  100) inserted into a stereomicroscope
(SMZ645; Nikon).
2.5. Assessment of follicle viability by ﬂuorescence
microscopy
Follicular viability was determined using live/dead
ﬂuorescence labeling. Those follicles cultured for 12 days
(n ¼ 15) were incubated in 100-mL drops containing 2-mM
ethidium homodimer-1 and 4-mM calcein AM (Molecular
Probes, Invitrogen, Karlsruhe, Germany) at 37C for 15 mi-
nutes. Then, the follicles were washed in MEM HEPES and
analyzed using an inverted ﬂuorescence microscope
(Eclipse 80i; Nikon). The ﬂuorescence signals emitted by
calcein AM and ethidium homodimer-1 were monitored at
488 and 568 nm, respectively. The oocytes and granulosa
cells were considered viable when the cytoplasm was
positively marked by calcein AM (green), and chromatin
was not marked by ethidium homodimer-1 (red).
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2.6.1. Total RNA isolation
For RNA isolation, three pools of 10 follicles (no antrum,
antral, and extrused follicles) were collected after 6 and
12 days of culture (all in triple biological replicates). These
follicles were placed in separate Eppendorf tubes and
stored at 80 C until the RNA was extracted.
Isolation of total RNA was performed using the TRIzol
Reagent (Invitrogen, São Paulo, Brazil), following the
manufacturer’s instructions. After isolation, total RNA was
puriﬁed using the column-based PureLink RNA Mini Kit
(Invitrogen, USA), also according to the manufacturer’s
instructions. All RNA samples were subjected to DNase I
treatment with a PureLink DNase (Invitrogen, USA). RNA
quality and concentration were determined using a Nano-
Drop 2000 spectrophotometer (Thermo Scientiﬁc, USA).
One unit of absorbance at 260 nm corresponded to 40 mg/
mL RNA.
2.6.2. Reverse transcription PCR
For reverse transcription, complementary DNA (cDNA)
was synthesized using 1 mg of RNA with SuperScript III
Reverse Transcriptase (Invitrogen, Life Technologies, USA).
Polymerase chain reactions were conducted in two steps.
First, 1 mg of RNA, 50 ng/mL of random hexamer primers,
10-mMdNTPmix, and diethyl pyrocarbonate-treatedwater
(for a total volume of 13 mL) were heated to 65 C for
5 minutes and then immediately placed on ice for at least
1 minute. Then, 200 U of SuperScript III RT, 10X RT buffer,
0.1-M DL-Dithiothreitol, and 40-U RNaseOUT were added
to the reaction mixture. Reverse transcription was per-
formed under the following conditions: 25 C for 5 mi-
nutes, followed by 50 C for 40minutes and ﬁnally, 70 C for
15 minutes. The ﬁrst strand cDNA was stored at 20 C.
Real-time polymerase chain reaction (qPCR) was carried
out using an iCycler iQ5 (Bio-Rad, USA). The reaction vol-
ume of 20 mL consisted of 5 ng of cDNA, 1 Power SYBR
Green PCR Master Mix, 10 mM of both forward and reverse
primers, and ultrapure water. The qPCR protocol included
an initial denaturation step at 95 C for 10 minutes, fol-
lowed by 50 PCR cycles (15 seconds at 95 C, 1 minute atTable 1
Oligonucleotide primers used for Real-time PCR analysis.
Target gene Primer sequence
Aquaporin3 Sense
50-CTTCCTGGGTGCTGGAATTA-30
Antisense
50-ACTGGTCGAAGAAGCCATTG-30
Aquaporin7 Sense
50-CTG CTC CAC TGA CCT CTT CC-30
Antisense
50-CTT CCT CCA TGA CCG TCT CG-30
Aquaporin9 Sense
50-CTG TAG TGG GCC CTT TGG TT-30
Antisense
50-TGT AGA CCC AGA CCT GAG CA-30
b-Actin Sense
50-GTCACCAACTGGGACGACAT-30
Antisense
50-CATCTTCTCACGGTTGGCCT-3060 C, 1 minute at 72 C) and a ﬁnal extension step for
10 minutes at 72 C. The speciﬁcity of each primer set was
determined using melt curve analysis, carried out between
60 C and 95 C for each primer pair. Fluorescence was
initially monitored at 60 C, followed by subsequent mea-
surements at 10-second intervals until the temperature
reached 95 C. b-Actin was used as a reference gene to
normalize expression levels of the assayed genes. All
samples were run in triplicate, and qPCRs were repeated at
least twice. As negative controls, samples with reverse
transcriptase but without RNA were used. The delta-delta-
cycle threshold (CT) method [12] was used to transform CT
values into normalized relative expression levels.
2.6.3. Primer design
Gene sequences were obtained from the National Center
for Biotechnology Information. Primers were designed ac-
cording to the published Ovis aries AQP3, AQP7, and AQP9
mRNA sequences in GenBank, using the online free-access
program, Primer3 (Table 1). The primers were tested for
their speciﬁcity and efﬁciency using serial dilutions
combining three different primer concentrations (10 mM,
5 mM, and 0.5 mM) with three cDNA concentrations (5 ng,
0.5 ng, and 1 ng). The combination with the best results for
speciﬁcity and efﬁciency (10 mMwith 5 ng) was used for the
qPCRs.
2.7. Immunohistochemistry
Three follicles in each category (no antrum, antral, and
extruded follicles, after 6 and 12 days of culture) were
collected for immunohistochemistry analysis. These folli-
cles were ﬁxed in 4% paraformaldehyde–cacodylate–Ca2þ
buffer (4% paraformaldehyde, 0.1-M sodium cacodylate,
0.1-M sucrose, and 10-mM CaCl2, pH 7.4), overnight at 4 C.
Then, the follicles were washed (twice) in PBS and stained
with Alcian blue. After this, the follicles were dehydrated
with increasing concentrations of ethanol (50%–100%),
diaphanized in xylol, and embedded in parafﬁn for serial
sectioning. Thin sections (5 mm) were obtained and
mounted on glass slides using ovaries from ﬁve different
ewes for immunolocalization of AQP3, AQP7, and AQP9.GenBank accession number Amplicon (bp)
AF123316.1 118
AF123316.1 152
AF123316.1 174
NM_00119039.1 132
Table 2
Assessment of development of secondary follicles cultured for 12 days.
Parameters Period of in vitro culture
Day 0 Day 6 Day 12
% Intact follicles 100% (194/194) 95.36% (185/194) 56.19% (108/194)
% Extrused 0 4.64% (9/194) 43.81% (83/194)
% Formation of antrum diameter (mm) 0 43.81% (85/194) 55.67% (108/194)
% Degenerate 0 0,52% (1/194)
Mean  SD. 266.78  58.78 342,20  92.43 404.67  112.88
Abbreviation: SD, standard deviation.
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slides, deparafﬁnized in xylene, and rehydrated in a graded
ethanol series, followed by antigen retrieval with a citric
acid–buffered solution (pH 6.0) for 5 minutes, in a pressureFig. 1. Follicular viability in different developmental groups after 12 days of culture
and extrused follicles [C, C1]).cooker. After blocking endogenous peroxidase activity with
3% hydrogen peroxide and methanol for 10 minutes, the
sections were incubated for 1 hour with a blocking solution
(25 mL of PBS containing 1.25% BSA and 3% Triton X-100) at(intact follicles with no antrum [A, A1], intact follicles with antrum [B, B1],
Fig. 2. Levels (mean  standard deviation) of AQP3 mRNA in ovine sec-
ondary follicles that were intact (no antrum, antrum) or extrused after 6 or
12 days of culture (P > 0.05). mRNA, messenger RNA.
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polyclonal anti-AQP (AQP3 1:1000, AQP7 and AQP9 1:100,
all antibodies from Alomone Laboratories, Jerusalem,
Israel). After several washes with PBS, the sections were
incubated with biotin-conjugated goat antirabbit immu-
noglobulin G (1:200) followed by incubation with
peroxidase-conjugated avidin (ABC kit, Vector Laboratories,
Burlingame, CA, USA). Positive reactions were visualized
with 3,30-diaminobenzidine tetrahydrochloride solution.
All sections were counterstained with hematoxylin. Nega-
tive controls consisted of substituting the primary antibody
with immunoglobulin G obtained from the same species as
that of the primary antibody. For positive controls, we used
sections of sheep kidney to conﬁrm protein expression in
the collecting duct (data not shown). In the various follic-
ular compartments (oocyte, granulosa, or theca cells), im-
munostaining was classiﬁed as absent (), weak (þ),
moderate (þþ), or strong (þþþ) according to our previous
results [5].
2.8. Statistical analysis
For qPCR analysis, the samples were randomly assigned
in blocks, and the relative expression levels (2DDCt) were
subjected to the Shapiro–Wilk normality test using theFig. 3. Levels (mean  standard deviation) of AQP7 mRNA in ovine sec-
ondary follicles that were intact (no antrum, antrum) or extrused after
12 days of culture (P > 0.05). mRNA, messenger RNA.univariate analytical procedure of the SAS 9.0 software
package (SAS, Cary, NC, USA). Relative expression levels
were logarithmically transformed [log10(X þ 1)] for normal
distribution adjustment. Log-transformed relative expres-
sion levels were evaluated using the Student–Newman–
Keuls test. Differences between the groups were considered
signiﬁcant when P < 0.05.
3. Results
3.1. Follicular integrity and antrum formation
A total of 194 secondary follicles were cultured in this
experiment. Table 2 shows the main results of follicular
development during 6 and 12 days of IVC. Only morpho-
logically normal secondary follicles, i.e., those with a visible
oocyte surrounded by granulosa cells, an intact basement
membrane, and no antral cavity were selected for culture.
Throughout the culture period, until Day 12, only one fol-
licle (0.52%) showed morphologic signs of degeneration,
such as darkening of the oocytes and surrounding cumulus
cells (Table 2). Regarding the analysis of follicular integrity,
there was a signiﬁcant reduction in the percentage of fol-
licles extrused where disruption of the basal membrane
was observed with the release of cumulus–oocyte com-
plexes, from Day 6 to 12 of culture (Table 2). Follicular
antrum formation occurred mainly in the ﬁrst 6 days of
culture, but no signiﬁcant increase was observed from Days
6 to 12. Analysis of follicular diameter showed a similar
pattern over the cultivation period (Table 2).
3.2. Assessment of follicle viability after culture
After 12 days of culture, a total of 15 follicles were
evaluated using ﬂuorescence microscopy. After qualitative
analysis, and regardless of morphologic criteria (no antrum,
antrum, and extrused follicles), all follicles showed green
ﬂuorescence, indicating intracellular esterase activity as
found by the live/dead assay with calcein AM and ethidium
homodimer-1 (Fig. 1).
3.3. AQP mRNA expression
Relative mRNA expression of AQP3, AQP7, and AQP9 in
in vitro–cultured ovine secondary follicles was evaluated at
two time points, Days 6 and 12 (Figs. 2–4). Follicles were
separated into the following groups: cultured for either 6 or
12 days (no antrum, antrum, and extrused follicles). The
relative expression of AQP3 was similar in all groups eval-
uated on Day-6 culture (Fig. 2). Although by Day-12 culture,
antral follicles and extrused follicles showed a reduction in
AQP3 expression when compared with those cultured for
just 6 days, this reduction was not signiﬁcant (P > 0.05). In
follicles having not formed an antrum, no expression was
detected (Fig. 2).
On the other hand, detectable levels of AQP7mRNAwere
observed only in those follicles cultured for 12 days and
without a formed antrum (Fig. 3). AQP9 reported a signif-
icantly higher level of expression in follicles that formed an
antrum on Day 6 of culture, as compared with that of fol-
licles lacking an antrum, and extrused follicles (Fig. 4). In
Fig. 4. Levels (mean  standard deviation) of AQP9 mRNA in ovine sec-
ondary follicles that were intact (no antrum, antrum) or extrused after 6 or
12 days of culture (P < 0.05). A, B, CSigniﬁcant differences in AQP9 levels
between samples in different follicular development categories from the
same culture day (P < 0.05). mRNA, messenger RNA.
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cles with an antrum and extrused follicles when compared
with those having not formed an antrum by the end of the
culture period (Fig. 4).3.4. Immunolocalization of AQP3, AQP7, and AQP9
Immunohistochemical analysis was performed using
antibodies against three AQPs (3, 7, and 9), to establish
whether these water channel proteins are expressed in
isolated ovine follicles cultured in vitro. Data are presented
in Figures 5–7 and summarized in Tables 3–5. On Day 6 of
culture, the granulosa cells of extrused follicles showedFig. 5. Immunolocalization of AQP3 in ovine ovarian follicles. (A) Follicles without a
(C) Follicles without antrum, (D) follicles with antrum, and (F) extrused follicles (1
staining for AQP3. GC, granulosa cells; N, nucleus; Nu, nucleolus; Oo, oocyte; TC, tmoderate labeling for these proteins, whereas on Day 12,
these cells were strongly labeled (Fig. 5).
The presence of AQP3 was conﬁrmed in all evaluated
groups (follicles without antrum, antral, and extrused) but
in different labeling patterns. By the sixth day of culture,
moderate staining for this protein was detected in gran-
ulosa cells of follicles with an antrum, and extrused folli-
cles. The samewas not observed in any of the other cellular
compartment categories analyzed. The follicles in which an
antrum was observed on Day 12 of culture showed mod-
erate immunostaining for this protein in all compartments
but mainly in theca and granulosa cells (Fig. 5, Table 3). The
follicles in which no antrum developed over the culture
period reported weak labeling in all compartments, with
the exception of the oocyte membrane, staining of which
was moderate by Day-12 culture (Fig. 5, Table 3). Follicles
with ruptured basement membranes (extrused) showed
weak labeling of the oocyte membrane on Days 6 and
12 and in the cytoplasm of the oocyte on Day 12 (Fig. 5,
Table 3).
AQP7 immunoreactivity was detected primarily in fol-
licles cultured for 6 days, found bymoderate labeling of the
oocyte membrane in the case of follicles with an antrum
and weak labeling of the granulosa cells of extrused folli-
cles and those showing no antrum formation (Fig. 6). The
surrounding granulosa cells weremoderately labeled in the
no antrum group on Day 6. The cytoplasm of oocytes of
extrused follicles and the granulosa cells of follicles without
an antrum reported weak labeling for AQP7 after 12 days of
culture.
AQP9 was strongly immunostained, in the oocyte
membrane, only in follicles cultured for 6 days showing no
antrum formation. This protein was also expressed, albeitntrum, (B) follicles with antrum, and (E) extrused follicles (6 days of culture).
2 days of culture). (G) Negative control (no staining). Black arrows indicate
heca cells.
Fig. 6. Immunolocalization of AQP7 in ovine ovarian follicles. (A) Follicles without antrum, (C) follicles with antrum, and (E) extrused follicles (6 days of culture).
(B) Follicles without antrum, (D) follicles with antrum, and (F) extrused follicles (12 days of culture). (G) Negative control (no staining). Black arrows indicate
staining for AQP7. GC, granulosa cells; N, nucleus; Nu, nucleolus; Oo, oocyte; TC, theca cells.
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an antrum at some point during the culture period. Mod-
erate immunostaining was also observed in the granulosa
cells and oocyte membranes of extrused follicles on Day-6
and -12 culture, respectively.
4. Discussion
The present study is apparently the ﬁrst to report the
expression of AQP3, AQP7, and AQP9 during in vitroFig. 7. Immunolocalization of AQP9 in ovine ovarian follicles. (A) Follicles without a
(B) Follicles without antrum, (D) follicles with antrum, and (F) extrused follicles (1
staining for AQP9. GC, granulosa cells; N, nucleus; Nu, nucleolus; Oo, oocyte; TC, thdevelopment of ovine secondary follicles. Real-time PCR
and immunohistochemistry were used to detect the
expression of these AQPs at the transcriptional and protein
levels during in vitro development, over a period of 12 days.
During this culture period, only one follicle (0.52%) showed
signs of degeneration. The low rate of degeneration
observed is probably due to the action of KL present in the
culture medium, which is able to maintain the viability of
PFs cultured in vitro, as previously reported in sheep [11]
and goats [13].ntrum, (C) follicles with antrum, and (E) extrused follicles (6 days of culture).
2 days of culture). (G) Negative control (no staining). Black arrows indicate
eca cells.
Table 3
Relative intensity of immunohistochemical staining for aquaporin 3 (AQP3) in ovine ovarian follicles on different categories.
AQP3 follicular category Day 6 Day 12
No antrum Antrum Extrused No antrum Antrum Extrused
Oocyte membrane D D D DD D D
Oocyte cytoplasm D L L L L D
Granulosa cells D DD DD D DD DDD
Theca cells L L D L DD L
() Absent; (þ) weak; (þþ) moderate; (þþþ) strong immunostaining.
Abbreviation: AQP, aquaporin.
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antral cavities showed the same pattern of AQP3 expres-
sion as follicles that had not formed an antrum or had
extrused oocytes (P > 0.05). However, follicles not having
formed an antrum after 12 days showed no detectable
levels of AQP3 at this time point. Recently, the presence of
AQP3mRNA in ovine antral follicles grown in vivo has been
reported [5]. Therefore, the presence of this protein in the
follicles used in this study may be indicative of appropriate
follicular development because those follicles having not
formed an antrum by the end of the culture period showed
a reduction in the transcription of this gene. This also
suggests that AQP3 plays an important role during the
development of the antral cavity in this species. Several
studies involving IVC of PFs in goats [10,13–15], and sheep
[11,16], reported a higher percentage of follicles forming an
antrum in just the ﬁrst 6 days of cultivation. All these
studies reported a low percentage of follicles having
developed an antrum after 12 days of IVC in both species.
Follicles capable of developing an antrum after 6 days of
cultivation show a better recovery rate of competent
oocytes for in vitro maturation and consequently embryo
production [11,15–17]. Our results also suggest that the
transcription and translation of AQPs change during
follicular development, reﬂecting a modulation in the ac-
tivity of membrane proteins, which may lead to improved
in vitro follicular development and recovery of competent
oocytes for maturation. Therefore, the clariﬁcation of the
role of these protein channels during folliculogenesis may
be important for the success of in vitro follicle
development.
Although no signiﬁcant difference was seen on Day 6 of
IVC, a two-fold change in the expression of AQP3mRNAwas
observed in extrused follicles compared with the other
follicles. Follicular extrusion seems to be related to growth
factor supplementation, culminating in increased cell pro-
liferation, but not accompanied by a remodeling of the
basal membrane [16]. Our observation may be attributed toTable 4
Relative intensity of immunohistochemical staining for aquaporin 7 (AQP7) in ov
AQP7 follicular category Day 6
No antrum Antrum
Oocyte membrane D DD
Oocyte cytoplasm D L
Granulosa cells DD D
Theca cells L L
() Absent; (þ) weak; (þþ) moderate; (þþþ) strong immunostaining.the two-dimensional system used in this study. Some
authors suggest that the three-dimensional culture,
including a follicle matrix of collagen or alginate, prevents
rupture of the basal membrane in sheep [18] and human
systems [19]. Thus, we believe that the high AQP3 mRNA
expression in extrused follicles may be a mechanism
adopted by the follicular cells to maintain healthy oocytes.
Watermovement in rat antral follicles has been observed to
be predominantly transcellular (through the granulosa
cells), rather than pericellular (between the cells), and
transcellular water movement in rat granulosa cells is likely
to be mediated by AQPs [3]. Thus, our results may reﬂect
the upregulation of AQP3 by ovine follicular cells to main-
tain the permeability of, andmolecular movement through,
these cells to ensure oocyte survival.
Although AQP3 mRNA expression levels were not
detectable in follicles with no antrum development by Day
12 of culture, AQP3 was detected in granulosa cells and
oocyte membranes by immunohistochemistry. Advances in
proteomic studies have enabled the evaluation of absolute
mRNA and protein concentrations in eukaryotic cells [20].
The use of advanced technologies has reported that cellular
protein concentrations are not strongly correlated with the
abundance of their corresponding mRNAs. Studies
frequently report that only 40% of variation in protein levels
can be explained by mRNA, with the remainder of this
variation (approximately 60%) being explained by post-
transcriptional regulation. Furthermore, a study evaluating
several genes in murine ﬁbroblasts revealed that proteins
are more stable than mRNA and 900 times more abundant
[21]. This disparity between the level of anmRNA transcript
and that of its corresponding protein within the cell is
noteworthy in relation to the present study. In addition,
posttranscriptional regulation of membrane channel syn-
thesis may occur during follicular development in vitro.
Such regulation mainly occurs due to the addition of
growth factors and the production of metabolites and
hormones during IVC.ine ovarian follicles on different categories.
Day 12
Extrused No antrum Antrum Extrused
D L L L
L L L D
L D L L
L L L L
Table 5
Relative intensity of immunohistochemical staining for aquaporin 9 (AQP9) in ovine ovarian follicles on different categories.
AQP9 Day 6 Day 12
No antrum Antrum Extrused No antrum Antrum Extrused
Oocyte membrane DDD D D D D DD
Oocytes cytoplasm D D L L L L
Granulosa cells D L DD L L L
Theca cells L L L L L L
(L) Absent; (þ) weak; (þþ) moderate; (þþþ) strong immunostaining.
Abbreviation: AQP, aquaporin.
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mRNA is regulated by the mitogen-activated protein kinase
pathway [22]. More recently, other studies have veriﬁed
that the culture medium and osmotic stress activate the
p38 mitogen-activated protein kinase pathway in embryos
cultured in vitro [23]. However, it is still unclear whether
the mechanisms of transcription in ovarian follicles are
similar to those of embryos. Further study is needed to
clarify these mechanisms.
Strong staining for AQP3 was observed in the granulosa
cells of extrused follicles on Day 12 of culture. It is likely
that the presence of this protein provides greater perme-
ability to granulosa cells, allowing the passage of cell
transudate and consequently, follicular ﬂuid formation.
Thus, the excessive accumulation of follicular ﬂuid may
result in excessive pressure and rapid growth, resulting in
the subsequent collapse of the follicular structure.
AQP7 expression was observed only in follicles with no
antrum formation by Day 12 of culture and was consistent
with the protein immunolocalization results observed in
the same category. On the basis of these results, we suggest
that IVC conditions stimulated an upregulation of AQP7 in
ovine PFs. Some substances, such as alcohols, amino acids,
growth factors, and hormones, can activate untranslated
regions of mRNA, i.e., inactive RNA, similar to that which
occurs in embryos [24]. A control mechanism for the
regulation of some transcripts has been proposed,
involving the binding of speciﬁc proteins to regions of
polyadenylation in 30 end untranslated regions, promoting
a cytoplasmic phosphorylation of an inactive RNA, with
subsequent translation activation [25]. This control mech-
anism could be involved in the expression of AQP7. In
oocytes, a speciﬁc cytoplasmic polyadenylation element
binding protein resides in several complexes, indicating a
possible role in the regulation of various mRNAs in a spatial
and/or temporal manner [26].
Our results regarding the expression of AQP9 report that
this gene has an important role in antrum formation in
ovine PFs because the expressionwas upregulated on Day 6
of culture in follicles showing early antrum formation.
Furthermore, follicles that exhibited no antrum formation
by Day-12 culture showed signiﬁcantly increased relative
AQP9mRNA expression. Activation or inhibition of a gene in
a given tissue or at a certain time in development (steady-
state level) involves changes in the control of its tran-
scription in response to speciﬁc stimuli or stages of devel-
opment. In this study, the culture medium used was
supplemented with growth factors (LIF and KL) known to
be potent stimulators of antrum formation in ovine PFs[16]. Thus, the upregulation of AQP9 in those follicles with
no antrum on Day 6 possibly reports an attempt to increase
water movement in granulosa cells and form an antrum,
although these follicles were inadequately developed.
Increasing levels of AQP9 transcripts by the end of the
culture period in follicles with no antrum indicate a
response to the sharp decline in levels of the corresponding
protein, as reported by fainter immunohistochemical
staining (Fig. 4). In vitro culture of follicles for 12 days
seems to lead a reduction of AQP9 in the three follicular
categories investigated (Fig. 7). Low levels of this protein
would constitute positive feedback, leading to upregulation
of AQP9 mRNA. These results suggest that AQP9 plays an
important role in the antrum development of ovine PFs
because the mRNA levels of this gene were increased by
Day-12 culture in those follicles that were not able to form
an antrum. The upregulation of this gene may be, as
explained previously, a late response of follicles with no
antrum to improve andmaintain their in vitro development
when stimulated by the presence of growth factors because
previous studies have shown that sheep PFs present a
progressive rate of antrum formation until Day 6 of IVC [11].
The pattern of AQP9 expression in follicles with no
antrum formed by Day-6 culture showed high-intensity
staining in the oocyte membrane. It is known that the
extracellular matrix in which the granulosa cells and
cumulus are formed is principally composed of hyaluronic
acid, which requires a highly hydrated biological environ-
ment [27,28]. In porcine granulosa cells, AQP9 is involved in
providing androgen substrates for steroidogenesis, and it
may be that AQPs are modulated by follicle-regulating
hormones [29,30]. This may corroborate the results of
this study, in which a signiﬁcant increase in AQP9 tran-
scriptionwas observed in follicles that formed an antrum in
the ﬁrst 6 days of in vitro cultivation. Recent studies have
reported a strong labeling of AQP5 in the corona radiata of
rat oocytes, suggesting that these protein channels seem to
be involved in the transport of water from these structures.
4.1. Conclusions
The present study reports that during growth and
antrum formation of ovine PFs cultured in vitro for up to
12 days, important changes in the expression patterns of
AQP3, AQP7, and AQP9 occur, as well as alteration in the
spatial distribution of these proteins, as visualized by
immunohistochemistry. The results of this study report
that the presence of these protein channels may be
essential for the provision of water and solutes, which is
A.D. Sales et al. / Theriogenology 84 (2015) 1–1010important for the formation of follicular ﬂuid and therefore
plays an important role during folliculogenesis in sheep. An
upregulation of AQP3 and AQP9 in follicles that formed an
antrum, and in extrused follicles, may be an indication of a
close relationship between these proteins and antrum
formation in this species. Because AQP7 appears only at
basal levels during the IVC of PFs in sheep, further in-
vestigations are needed to conﬁrm the effective participa-
tion of this isoform in follicular development in this
species. We believe that after further in-depth in-
vestigations, the AQPs evaluated in this study (AQP3, AQP7,
and AQP9) may be used as markers for follicular develop-
ment and antrum formation in sheep.
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